Background The assessment of intracranial pressure (ICP) is essential in the management of neurocritical care paediatric patients. The gold standard for invasive ICP is an intraventricular catheter or intraparenchymal microsensor but is invasive and carries some risks. Therefore, a non-invasive method for measuring ICP (nICP) would be desirable especially in the paediatric population. The aim of this study is to assess the relationship between ICP and different ultrasound-based methods in neurocritical care paediatric patients. Methods Children aged < 16 years with indication for invasive ICP monitoring were prospectively enrolled. The following noninvasive methods were compared with the invasive gold standard: optic nerve sheath diameter ultrasound (ONSD)-derived nICP (nICP ONSD ); arterial TCD-derived pulsatility index (PIa) and a method based on the diastolic component of the TCD cerebral blood flow velocity and mean arterial blood pressure (nICP FVd ). Results We analysed 107 measurements from 10 paediatric patients. Results from linear regression demonstrated that, among the nICP methods, ONSD has the best correlation with ICP (r = 0.852 (p < 0.0001)). Results from receiving operator curve analysis demonstrated that using a threshold of 15 mmHg, ONSD has and area under the curve (AUC) of 0.94 (95% CI = 0.892-0.989), with best threshold at 3.85 mm (sensitivity = 0.811; specificity = 0.939). Conclusions Our preliminary results suggested that ONSD ultrasonography presents the best accuracy to assess ICP among the methods studied. Given its non-invasiveness, repeatability and safety, this technique has the potential of representing a valid option as non-invasive tool to assess the risk of intracranial hypertension in the paediatric population.
Introduction
Intracranial hypertension (ICHP) is a devastating complication after brain injury, and its assessment is essential in the management of acute intracranial catastrophe to limit or actively reduce it [13] .
A frequent question in neurocritical care of children relates to the indications and methods for ICHP measurement and treatment. Direct measurement of intracranial pressure (ICP) using an external ventricular drain (EVD) or intraparenchymal ICP microsensor represents the gold standard for confirming the presence of intracranial hypertension [15] . In children, the simplest and longest-standing method of measuring ICP is to perform a lumbar puncture (LP) and to observe the opening and closing pressure. However, intracerebral probes have several risks and complications and LP is an indirect and, at the same time, imprecise procedure [2, 6, 21] .
Therefore, invasive measurement of ICP is reserved for the most severely affected children in whom the benefits of direct measurement outweigh the risks of bleeding and infection [13] .
In this setting, a non-invasive method to assess ICP would be crucial for the management of these patients. Despite several authors attempted to find a non-invasive method to measure ICP, there is not currently an absolutely accurate method available [32] . However, ultrasound-based non-invasive methods are gaining interest and have shown promising results, especially in adult populations [22] [23] [24] [25] [26] [27] .
The aim of this study is to assess different ultrasoundbased methods to assess ICP non-invasively (nICP) by comparing them with the invasive gold standard in a paediatric population. Using arterial transcranial Doppler ultrasonography (TCD), we assessed the arterial pulsatility index (PIa) and a method based on diastolic cerebral blood flow velocity (FV d ), even if it was not primarily intended to estimate ICP but CPP. Using ultrasound, we assessed the optic nerve sheath diameter (ONSD). Also, we aimed to test an ONSD-derived formula for the assessment of ICP (nICP ONSD ), previously described in the adult population [27] .
Methods
The main institutional review board (IRB) of Alessandria Paediatric Hospital, Italy, approved the study (entry code ASO.RianPed.16.04). Detailed written informed consent was provided to the family members (parents or legal tutors) regarding the study protocol, the scope of research and the safety of TCD examination.
Data were collected prospectively from children younger than 16 years with severe brain injury requiring ICP monitoring and admitted to the hospital between 1st July 2015 and 1st January 2018. Exclusion criteria were the absence of an informed consent, a history of ocular pathology or optic nerve trauma, skull base fracture with a cerebrospinal fluid (CSF) leak and inaccessible ultrasound temporal window. Demographic data, Glasgow Coma Scale (GCS) at admission and the paediatric version of Glasgow Outcome Score (GOS-E PEDS) [3] at discharge from intensive care unit were recorded.
Ultrasound examinations
Ultrasound measurement was performed by a selected group of trained operators (CR, FR, SP); the operators used a standardized insonation technique in order to reduce inter-operator variability and were blinded to the patient's clinical background.
For each patient, we recorded bilateral middle cerebral artery (MCA) flow velocities (systolic [FV s ], mean [FV m ] and FV d ), ONSD and mean arterial pressure (ABP m ) twice daily (from day 1 to 5 post ICP probe insertion). Additional measurements were performed in case of acute changes in ICP (higher than 20 mmHg), as previously described [27] . The final FV values were calculated as the average of the right and left MCA measured values.
Transcranial Doppler examinations were performed using a standard TCD machine with a 2-MHz probe as previously described [25, 26] . Simultaneous measurements of ICP were taken at the time of the study. All physiologic parameters were kept stable during the TCD examination.
PIa was calculated according to Gosling's method [16] , and FV d -derived formula was calculated according to Czosnyka et al. (nICP FVd ) [7] . A linear 7.5-MHz ultrasound probe was used to perform ultrasound examination of the ONSD using a mechanical index (MI) below or at 0.3. Once the image was obtained, it was frozen, the probe removed from the eyelid and all measurements were subsequently performed. Ultrasound gel was applied on the surface of each eyelid. The probe was oriented perpendicularly in the vertical plane and at around 30 degrees in the horizontal plane on the closed eyelids of both eyes of the patient. The measurements were made in both the axial and sagittal planes 3 mm behind the retina in both eyes, and the final ONSD value was calculated as the average of four measured values.
We took an average of 4 measurements per eye and then in the next step the average of both eyes. Non-invasive ICP derived from ONSD was estimated according to the regression analysis between ICP and ONSD obtained from our previous study in a cohort of adult TBI patients [27] :
Statistical analysis
Statistical analysis of the data was conducted with R Studio software (R version 3.1.2). Data were tested for normal distribution using the Shapiro-Wilk test and are presented as median (interquartile range [IQR]). All parameters assessed were non-parametric in nature.
Multiple measurements were considered as independent values. The correlations between direct ICP and the non-invasive estimators were verified: ONSD, PI, nICP FVd using the Spearman correlation coefficient (R, with the level of significance set at 0.05).
The Bland-Altman method was used to determine the agreement between invasive ICP and nICP estimation methods, with 95% confidence interval for prediction (CI) and bias [12] . The area under the curve (AUC) of the receiver operating characteristic curve (ROC) were performed to determine the ability of the bestperforming non-invasive method to detect raised ICP (using a threshold of 15 and 20 mmHg).
Results
A total of 107 measurements from 10 consecutive patients were included in this study. One patient was excluded for the absence of informed consent. The characteristics of the patients are described in Table 1 . Table 2 presents median (IQR) for the variables assessed. Results from the regression analysis revealed good correlation between invasive ICP and ONSD, r (Spearman) = 0.852 (p < 0.0001) ( Fig. 1 ). The use of the nICP ONSD produced the same correlation coefficient as ONSD itself (r = 0.852, p < 0.0001), although the formula resulted in an underestimation of ICP. A significant but not strong correlation was also found between nICP FVd formula and ICP: (r = 0.441, p < 0.0001) and PIa and ICP (r = 0.321, p < 0.001). Figure 2 shows the behaviour of ICP and ONSD for each patient during the study. Bland-Altman analysis using nICP ONSD formula found a bias of − 5.93 mmHg, with 95% confidence interval (CI) for ICP prediction of ±8.33 mmHg. nICP FVd had a bias of 7.91 mmHg and a 95% CI of ±16.26 mmHg ( Fig. 3) .
Results from ROC analysis demonstrated that using a threshold of 15 mmHg, ONSD had AUC of 0.94 (95% CI = 0.892-0.989), with best threshold at 3.85 mm (sensitivity = 0.811; specificity = 0.939). Considering a threshold of 20 mmHg, AUC was 0.976 (95% CI = 0.948-1.00), with best threshold at 4.75 mm (sensitivity = 0.956; specificity = 0.938) ( Fig. 4 ).
Discussion
According to our results, in the paediatric population, ONSD appears as the best estimator of ICP compared to the other methods. At our knowledge, this is the first report comparing different non-invasive ultrasound-based methods with simultaneous direct ICP measurements in a paediatric population. Similarly to our results, in our previous study in an adult cohort of TBI patients, we found that ONSD had a good correlation with invasive ICP, whilst PI and nICP FVd had poor correlation with ICP [27] .
An elevation in intracranial pressure can be a surgical or medical emergency [30] . A recent study [10] demonstrated that the magnitude and the duration of ICP insult, called 'dose of ICP' concept is strongly correlated with the patients' outcome in both the paediatric and the adult population. In this study, the transition curve of ICP, considering the duration and the intensity of the insult for the paediatric cohort, resembled that of adults. This finding indicated that in children, episodes of lower intensity and shorter duration of intracranial hypertension are associated with worse outcomes compared to adults. Also, in children, the exponential decay transition curve approximates the vertical 10-mmHg line, and above 20 mmHg, the association with worse outcome occurs within 8 min. Patient  1  2  3  4  5  6  7  8  9  10  S e x  F  M  M  M  F  F  M  M  M  F   Age  7  5  8  10  11  14  7  4  5  9  Height (cm)  112  111  120  128  117  138  109  95  99  118   Weight (kg)  18  22  25  28  22  35  25  15  18  23  Reason for admission  ICH  TBI  TBI  TBI  ICH  ICH  ICH  ICH  ICH  ICH   Type of monitoring  EVD  Bolt  Bolt  Bolt  EVD  EVD  Bolt  EVD  Bolt  EVD  GCS at admission  5  3  4  6  3  3  4  4  6  3 GOS -E Ped  2  3  2  2  4  3  3  4  3  2 There are many possible conditions that can determine elevated ICP in children, including traumatic brain injury, intracerebral haemorrhage, shunt insertion or malfunction, arachnoid cyst and craniosynostosis [32] . However, current guidelines are not clear about indications for invasive ICP measurements. In adults, the latest Brain Trauma Foundation guidelines [5] have downgraded previous recommendations on ICP monitoring, as evidence did not meet current standards anymore, and the lack of clear indications on ICP monitoring causes significant differences in the clinical practice among centres. For children, guidelines suggest ICP monitoring in severe TBI patients with low GCS (≤ 8), and also highlight the importance of ICP monitoring in conscious children at risk for neurologic deterioration as a result of traumatic mass lesions, or in whom serial neurologic examination is precluded (sedation, neuromuscular blockade or anaesthesia) [13] .
The gold standard for ICP measurement is an external ventricular drain or an intraparenchymal probe [28, 32] . However, invasive monitoring carries several risks including bleeding and infection [2, 21] which preclude their use in some clinical condition (like coagulopathy). Moreover, there are several scenarios where invasive ICP monitoring is not indicated, but a nICP assessment would be useful (e.g. mild or moderate traumatic brain injury, meningitis, hydrocephalus, metabolic coma). Various methods for nICP monitoring have been described in adult and paediatric populations [23, 32] . Among these, ultrasound-based non-invasive methods are gaining popularity as they are safe, easily available and low cost.
TCD assessment of the cerebral blood flow velocity in the basal cerebral vessels has long been used as a non-invasive surrogate measure of cerebral blood flow and ICP. Pulsatility index has been one of the most used TCD-derived nICP estimation methods. Some authors have reported strong association between PI and ICP [4] ; however, such findings have not been replicated by other studies, which reported poor correlations between these parameters in adult TBI populations [8, 27, 33] .
There are few reports on the relationship between PI and ICP in children with TBI. Figaji et al. [9] in a cohort of 34 children found a weak relationship between mean values of ICP and PI (r = 0.36, p = 0.04). Similarly, our findings demonstrate that PI was not strongly correlated with ICP. In experimental models of intracranial hypertension, nICP FVd has shown promising results [28] , and in a recent pilot study Rasulo et al. [22] demonstrated in a cohort of 38 adult braininjured patients that nICP FVd may accurately exclude intracranial hypertension in patients with acute brain injury, showing a sensitivity of 100% and a specificity of 91.2% for a threshold of 20 mmHg. In our group of patients, we found a significant but weak correlation between nICP FVd and ICP; however, at our knowledge, our study is the first one assessing this estimation method in children and needs further validation.
The optic nerve is part of the central nervous system. A rise in ICP causes an increase of the diameter of the perioptic subarachnoid space within the dural optic nerve sheath (ONS), which leads to an increase in optic nerve sheath diameter (ONSD) [24, 29] . Transorbital sonography represents a potentially useful and safe method to measure the ONSD for rapid diagnosis of ICHP in infants.
The upper limit of the normal range for optic nerve sheath diameter is 4.5 mm in patients over 1 year of age, and 4 mm in children. In a study including healthy volunteers, the range of ONSD was 2.1-4.3 mm (mean 3.08 ± 0.36), suggesting that an ONSD greater than 4 mm in infants younger than 1 year old, and ONSD ≥ 4.5 mm in older children, should be considered abnormal [1] . In adults, the threshold of ONSD is between 5 and 6 mm, and this might explain why the use of nICP ONSD estimation formula previously described in an adult population results in underestimation of the ICP prediction in children [ 11, 17, 18, 27, 31] .
This discrepancy of our ONSD values compared to previously published values [1] might be the result of a low resolution of ultrasound transducer used in our study (just 7.5 MHz), since most authors more recently have used > 10 MHz.
The application of ONSD in children has been investigated in different clinical scenarios associated with intracranial hypertension, such as acute hydrocephalus [14, 17, 18] .
Padayachy et al. [19, 20] reported a good correlation between ONSD and ICP in a cohort of brain-injured paediatric patients (r = 0.66, p < 0.001), with excellent repeatability and intraobserver variability (α = 0.97-0.99). Testing for interobserver variability revealed also good correlation [14, 19] . However, a limitation of that study was that ONSD measurement was performed prior to invasive measurement of ICP.
In our report, ONSD showed an even better association with ICP, comparable with the results previously described in the adult population [27] . Furthermore, ONSD in the paediatric population also had the best accuracy when compared with TCD-derived nICP methods.
We tried to apply our formula validated in a cohort of adult brain-injured patients for the direct estimation of ICP (ICP ONSD ). As shown in Fig. 2 , there is a large variability of ICP and ONSD within the 10 patients. Also, our results show that there is an underestimation of about 6 mmHg by the formula (bias of − 5.93 mmHg). These preliminary data show that a formula cannot be easily transferred from one cohort to another (especially different populations) and should not be used in the paediatric clinical practice.
Furthermore, it can be inferred from the repeated measurements of ICP/ONSD in 10 patients that the ICP/ONSD relationship is highly individual. Therefore, our understanding is that a formula could be valid for an individual, but not for an entire cohort.
Limitations
There are several limitations that need to be mentioned. This is an observation pilot study whose major limitation is the very small sample size. Further prospective studies with a larger number of patients will be needed to confirm these preliminary results. the best sensitivity and specificity [in brackets]) for prediction of intracranial hypertension (ICP) > 15 mmHg (a) and > 20 mmHg (b). AUC is presented followed by 95% confidence intervals Moreover, cerebral blood flow velocity measurements using TCD were not continuous, precluding the assessment of nICP changes in time domain 23,27. Finally, most of our measurements were obtained in patients with relatively well-controlled ICP. Also, larger validation studies containing a wider range of intracranial pressure values will be required to assess and validate these results before introduction of ONSD for nICP estimation in paediatric clinical practice.
Conclusion
Non-invasive ICP assessment using ultrasound methods are an attractive option in the paediatric population. These methods are quick, safe, repeatable and allow bedside monitoring in different clinical scenarios (neurocritical and general intensive care, operating room, emergency department).
In this preliminary report, we found that among the studied methods, ONSD presented the best accuracy when compared with other TCD-derived nICP methods and could potentially be useful as non-invasive screening tool when invasive methods are not available or contraindicated. However, ONSD has several limitations and further studies will be needed to confirm our results and assess its role in paediatric clinical practice.
